Mobile Telecommunication is limiting the evolution of the digital terrestrial television (DTT) networks for enhanced service offering. Next-generation DTT standards are called to provide increased capacity within the reduced spectrum. Time Frequency Slicing (TFS) has been proposed as one of the key technologies for the future DTT networks. Beyond a coverage gain due to additional frequency diversity, and a virtual capacity gain due to a more efficient statistical multiplexing, TFS also provides an increased interference immunity which may allow for a tighter frequency reuse enabling more RF channels per transmitter station, within a given spectrum. Moreover, the implementation of advanced network planning ( 
I. INTRODUCTION

D
IGITAL terrestrial broadcasting spectrum has become the spotlight of spectrum regulation within the last years [1] . Important decisions are being taken on the allocation of parts of the UHF spectrum traditionally used for terrestrial broadcasting to satisfy the rapidly growing demand for wireless broadband International Mobile Telecommunications (IMT) [2] .
The transition from analogue to digital TV implied itself an increase in spectral efficiency. Digital Terrestrial Television (DTT) provides improved co-channel interference (CCI) and adjacent channel interference (ACI) performance and enables the deployment of Single Frequency Networks (SFNs) [3] . TV services are packed in multiplexes and transmitted over single Radio Frequency (RF) channels. The first-generation DTT standard DVB-T (Digital Video Broadcasting Terrestrial), using MPEG-2 video coding, allowed the transmission of about 4 to 7 Standard Definition (SD) services per multiplex using about 20 to 24 Mbps for fixed roof-top reception conditions. The evolution of video coding standards also allowed launching High Definition TV (HDTV) services using MPEG-4/AVC (Advanced Video Coding), which provides more than 50% coding gain with respect to MPEG-2. The second generation DTT standard DVB-T2 (Terrestrial 2 nd Generation) went a step further outperforming DVB-T with a data rate increase of around 50%-60% for the same coverage, which allows the transmission of 4-5 HDTV services using about 36-40 Mbps [4] .
This spectral efficiency increase offered by DTT made the International Telecommunications Union (ITU) reach a decision to release frequencies allocated to the broadcast service in the form of the so-called digital dividend [5] . This decision affected the 800 MHz UHF band (790-862 MHz) in ITU Region 1, and the 700 MHz band (698-806 MHz) in ITU Regions 2 and 3. The World Radiocommunications Conference in 2012 (WRC-12) assigned the 700 MHz band (694-790 MHz) in Region 1 to broadcasting and IMT on a co-primary basis, to take effect after WRC-15. This band is currently allocated on a co-primary basis in North America (Region 2) and Asia (Region 3) and allocated to IMT in North America and in some countries of Region 3. In Europe, some countries (e.g., Finland, Sweden and Switzerland) have already announced their intentions to assign the band to IMT and European Commission is also studying this point with a proposal to release the 700 band by 2020 and guarantee regulatory stability for broadcasting in the band 470-694 MHz until 2030. Fig. 1 shows the available spectrum for DTT in ITU Region 1. The first digital dividend has already eliminated channels 61 to 69 and, if the 700 MHz band is finally released, the remaining number of RF channels in the UHF band would be only 28 (470-694 MHz).
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. The new situation requires a spectral efficiency increase in the DTT networks by the migration to more efficient DTT standards together with the introduction of enhanced video coding standards. The transition from DVB-T to DVB-T2 already allows the retention of a similar DTT service offering in the remaining spectrum. However, the potential migration from SD to HDTV or even the start-up of Ultra HDTV services will require a stronger effort. During the last few years, organizations such as the Future of Broadcast TV Initiative (FoBTV) [6] , DVB or the Advanced Television System Committee (ATSC) are addressing the evolution of the DTT. The next-generation DTT standards, such as the upcoming ATSC 3.0, together with the introduction of the High Efficiency Video Coding (HEVC) standard, which provides more than 50% coding gain with respect to H.264 [7] , are envisaged as the options for the next-generation DTT networks.
Traditional efforts on DTT standardization are mainly focused on maximizing bit rate for a given carrier-to-noise ratio (C/N) within the channel bandwidth. However, spectral efficiency in real networks is in practice limited by interference. DTT networks are traditionally deployed by means of High-Power High-Tower (HPHT) transmitter stations which require frequency coordination between them. Thus, only a limited number of RF channels can be used per station. Frequencies are reused in distant stations to achieve an acceptable level of CCI.
International frequency plans for terrestrial broadcasting services are agreed in order to allow for efficient spectrum use. In ITU Region 1, the Geneva'06 plan (GE06) [8] allows, on average, 7 available RF channels per station in the UHF band out of the total 49 RF channels. On average, a group of 7 transmitters can use different frequencies. The reduced number of RF channels as a result of the release of frequencies from the 700 MHz digital dividend, will require a tighter frequency reuse and an associated increased spectral efficiency to maintain the number of RF channels available per station.
New technologies such as Time Frequency Slicing (TFS) [9] can increase the network spectral efficiency (in terms of bps/Hz) by potentially tolerating a higher carrier-to-interference ratio (C/I) in the network deployments. TFS is part of an informative (not normative) annex of the DVB-T2 specification [10] and is fully adopted in the mobile broadcasting standard DVB-NGH (Next Generation Handheld) [11] . It is also proposed for adoption in the upcoming ATSC 3.0 standard.
TFS consists in the transmission of the data of a TV service across multiple RF channels instead of using a single one. With TFS each broadcast service is spread over a high capacity TFS-Mux by time-slicing and frequency-hopping. Whereas with a traditional Non-TFS transmission receiver tuner is locked to the RF channel containing the desired service, with TFS frequency hopping across the RF channels in the TFS-Mux is necessary to recover the data of the service. Transmissions using TFS benefit from a capacity gain due to an efficient statistical multiplexing for Variable Bit Rate (VBR) services and increased frequency diversity what is translated to a coverage gain that enables the reception of the complete set of services in the TFS-Mux. Robustness against interferences is also improved since the received signal does not depend on a unique (potentially interfered) RF channel but on the whole set of RF channels involved in the TFS transmission, which may present different levels of C/I. This paper focuses on the potential for a higher total capacity which may be achieved in a given spectrum thanks to the higher interference tolerance offered by TFS. The increased interference tolerance may be exploited as a combination of a tighter frequency reuse together with a modified capacity per RF channel. The overall effect is a higher total capacity within a given spectrum taking into account also the frequency reuse.
This effect is enhanced by the implementation of Advanced Network Planning (ANP) strategies by means of multiple frequency reuse patterns and/or the systematic use of H/V polarizations. Spectral efficiency implications of the network configurations are studied for pure Multiple Frequency Networks (MFNs), for a network of Single Frequency Network (SFN) clusters with up to seven transmitter stations per cluster and for large area SFN clusters with important limitations due to self-interference but with small interference from frequency reuse areas. It should be noted that also large area SFNs (e.g. country-wide) need frequency reuse (e.g. with other countries) to avoid harmful interference at the border between different SFN areas. Results are obtained for ideal networks made of hexagonal transmitter areas. The application to real deployments is also discussed and compared to existing DVB-T2 network deployments.
The paper is structured as follows. Section II discusses spectral efficiency offered by the conventional network planning of the DTT networks. Section III introduces advanced network planning configurations for increased spectral efficiency with or without TFS. Section IV describes the simulation environment for TFS/ANP evaluation and methodology. Section V presents the obtained results and discusses their applicability. Conclusions are finally presented in Section VI.
II. CONVENTIONAL NETWORK PLANNING
IN DTT NETWORKS DTT stations deliver services by using a set of multiplexes (one per RF channel) in the broadcast bands. To extend the coverage to an arbitrarily large area, frequency reuse is implemented at different transmitter areas due to the limited amount of spectrum. The way the reuse is performed is mainly linked to the system robustness against CCI (expressed in terms of protection ratios). The required reuse limits the number of available RF channels per transmitter station. Frequency reuse in Spain for the public state TV multiplex. Frequencies are reused in a basis of regional SFN clusters between different regions. Seven RF channels in the UHF band are used at different transmitter stations.
Spectral efficiency is traditionally referred to the capacity per RF channel, without considering the influence of network planning. The maximum theoretical (Shannon [12] ) rate in bits per second (bps) that can be transmitted to the reception point is given by:
where γ is the carrier-to-interference plus noise ratio C/(N+I), in linear units, and B is the channel bandwidth (in Hz). The available C/(N+I) and the frequency reuse factor limit the total capacity of the network for the available spectrum. The network spectral efficiency (NSE, in bps/Hz) accounts for the combined effect of capacity per multiplex (limited by C/(N+I)) and frequency reuse factor. The NSE is defined as:
The frequency reuse factor, η, defines the average number of transmitter areas that use a different nominal frequency to transmit the same multiplex. With this approach, η different RF channels are necessary to build a network of one multiplex that uses a single RF channel per multiplex and transmitter area. With N RF multiplexes per transmitter area a total of η * N RF frequencies are required to build the complete network [13] . Equation 3 defines the frequency reuse factor as:
where M denotes the number of available RF channels. The GE06 UHF plan defines typically 7 network layers each using about 7 frequencies (multiplexes) in the UHF band. The resultant plan was based on different requirements, generally aiming for nationwide coverage in each country, with different conditions in terms of size and shape of envisaged coverage areas as well as the wave propagation conditions. Fig. 2 shows a real example of the frequency reuse for the public state TV multiplex in different areas in Spain by means of regional SFN clusters to allow regional content insertion. 7 RF channels in the UHF band are reused along the country. Characteristics of directivity of the receiving antennas in UHF band according to ITU-R BT.419 [14] . Antenna discrimination relative to direction of main response, Q(ϕ). Valid for signals of vertical or horizontal polarization.
DTT networks are usually deployed by using linear polarization (e.g. horizontal or vertical) in all transmitter stations. Reception is typically achieved by directional roof-top antennas pointed towards the main transmitter station. The receiver antenna diagram weighs the interference contributions according to the angular (azimuth ϕ) direction between the main station and the co-channel stations. ITU-R BT.419 [14] recommends the values for antenna discrimination, Q(ϕ, κ), relative to the direction of main response for broadcast reception to be used for frequency planning, as depicted in Fig. 3 . With this antenna, cross-polar discrimination (XPD) is set to Q(∀ϕ, κ = −1) = -16 dB, independently of direction 1 . Real antennas can differ from this model, as reflected in Section IV-D.
In an interference-limited network, reception of the complete service offering (i.e., any service from any multiplex should be receivable) is limited by the most degraded RF channel. The use of TFS in future DTT networks could play an important role providing increased robustness against interferences and therefore a higher potential spectrum efficiency. Both the wanted signals and all interfering signals from a particular interfering site would be affected by independent frequency-dependent fading such that the resulting C/(N+I) varies among the frequencies, even with nominally equal Effective Radiated Power (ERP) 2 . With TFS, the reception of a particular service is affected by the C/(N+I) of different RF channels, due to interleaving. TFS capacity can be estimated as the average capacity over N RF RF channels which depends on the C/(N+I) of each RF channel and the employed QAM mapping. According to [16] , achievable TFS performance is limited by the saturation of capacity with a given QAM mapping. In addition, the combination of low FEC code rates and high order QAM modulation or the use of rotated constellations provides advantage against the high attenuation of RF channels [17] . As an example of this limitation, the capacity offered by DVB-T2 is bounded by the highest available QAM mapping (8 bps/Hz with 256QAM) and FEC code rate (5/6). Whereas, Bit Interleaved Coded Modulation (BICM) capacity should be used, the analysis presented in this paper is intended for application to a future terrestrial broadcasting standard that could allow higher modulation orders and a shorter gap to Shannon capacity. Shannon capacity is used instead. Thus, NSE calculation with TFS can be simplified as defined in Equation 4 :
γ i per RF channel directly depends on the network topology and frequency reuse pattern.
A. Traditional Frequency Network Planning Without SFN
Traditionally, different frequencies are assigned to multiplexes in each neighbor station in the target service area. At a given reception point, the wanted transmitter provides a certain field strength. Other transmitter stations using the same frequencies provide an interference contribution. Interferences are added so that the total interference power yields a C/(N+I) at the reception point. It is necessary to maintain a sufficiently high C/(N+I), γ 0 , to meet the interference protection requirements of the system. Thus, the RF channels from a transmitter station cannot be reused in a transmitter that is too close to the first one. This minimum separation between co-channel transmitters (i.e. minimum reuse distance D(γ 0 )) limits the amount of spectrum that can be used per transmitter station. Fig. 4 shows a scheme of a standard MFN made of regular adjacent hexagonal cells of radius R. Each cell has a single omni-directional antenna transmitter positioned in the cell center.
Assuming that the RF channels are used in all the co-channel cells, the C/(N+I) in the center cell at a given location j, γ MFN , is defined by:
where N I is the number of interfering stations, Pi is the power of each transmitter station i, G i,j is a propagation related constant from transmitter i to receiver j, Q(ϕ i,j , κ) is the receiver antenna pattern attenuation relative to the pointing direction between a transmitter and the receiver, and P n is the noise power at the receiver. Polarization discrimination, κ could also be considered when orthogonal polarization is used.
B. Multiple Frequency Network Planning Using Single Frequency Network (SFN) Clusters
SFNs make use of the same frequency in a group of adjacent transmitters to cover a complete or part of a target service area. The service area could be a country, region or city. Thanks to the multipath capability of the OFDM signals by the Guard Interval (GI), signals arriving from co-channel transmitters contribute constructively to the total wanted signal if allowed delays are not exceeded. The maximum transmitter distances, without causing self-interference, allowed by DVB-T and DVB-T2 are 67.2 km (FFT 8k GI 1/4) and 159.6 km (FFT 32k GI 19/128), respectively, within an 8 MHz RF channel. Corresponding maximum transmitter distances for a 6 MHz channel are 8/6 larger. Given a transmitter distance, self-interference is reduced or eliminated by selecting a larger GI.
MFN planning using SFN clusters is more spectral efficient than pure MFNs (i.e. cluster size = 1) within a single network (e.g. a country). Conversely, the need of frequency reuse when there exists other adjacent networks (e.g. neighbor countries) makes NSE not as high as one might first believe from the term Single Frequency Network. In this study, SFN cluster size is limited in such a way that there is no self-interference within each cluster, assuming the largest DVB-T2 GI is used (32K with GI = 19/128). The only interference comes therefore from the frequency reuse of the SFN clusters.
Large area SFNs are considered to be large enough to experience negligible interference from frequency reuse (unless reuse equal to 1 or 2 is used). These networks suffer, instead, from self-interference (not enough GI), which may require a more dense transmitter infrastructure or larger overhead. Furthermore, SFNs limit the practical granularity for the delivery of regional or local services to the size of the SFNs themselves. The frequencies used in SFNs may be reused across the network in a similar way as with an MFN. Fig. 5 shows a medium-small regional SFN made up of a cluster of 7 transmitter stations and η = 4.
The C/(N+I) at a given receiver location within the SFN cluster is given by: where
is the received power that depends both on propagation and the antenna diagram, N c is the total number of transmitters in the SFN cluster and N I −N c is the number of co-channel interferers from outside the SFN cluster. w i (t) is a weighting function which depends on the signal arrival time relative to the beginning of the FFT window; the equalization interval (T EI ); the useful symbol length (T u ) and the guard interval length (T g ) [18] :
The potential length of T EI depends on the RF bandwidth, FFT size and Pilot Pattern (PP) of the DVB-T2 signal, as well as on implementation constraints. In this study an EI having the same length as the 32K 19/128 GI in DVB-T2 has been used. Its position depends on the estimated impulse response. Different strategies of FFT window synchronization can be implemented at receivers as explained in [19] . The SFN calculations are performed considering the maximum C/I approach so that the situation of the FFT window allows obtaining the maximum C/I at the receiver.
III. ADVANCED DTT NETWORK PLANNING STRATEGIES
The introduction of next-generation DTT standards with improved CCI performance together with ANP strategies may allow for increased NSE. Receiving antenna directivity and polarization discrimination can be exploited to achieve effective reduction of the received interference and to maximize the C/(N+I), particularly when combined with TFS. The use of TFS also allows for implementing a different frequency reuse pattern per each or some of the frequencies in the TFS-Mux. 
A. Mixed Polarization Network (MPN)
MPN consists of a systematic use of different polarizations, horizontal (H) or vertical (V), for transmitters using the same frequency. Users within the coverage area of a given transmitter receive all frequencies with the same polarization. Co-channel interferences coming with the opposite polarization from a distant station are discriminated by the antenna diagram Q(ϕ, κ). In general, it would be desirable to have as many as possible of the strongest interferers using the opposite polarization. Thus, the MPN scheme should be selected taking the frequency reuse pattern into account to minimize the number of neighboring co-polar interferers which should ideally be the same for each station in the network. Although many possibilities exist, the MPN scheme depicted in Fig. 6 has been found to provide a good performance for the frequency reuse pattern η = 4 and η = 7 reported about in this paper. For frequency reuse η = 3 it is possible to design a pattern with a column-by-column cross-polarization configuration (instead of using 2 adjacent rows as shown in the figure).
Thanks to the antenna polarization discrimination a given receiver in the center cell benefits from an interference reduction, which increases C/(N+I). Both a traditional and a network implementing TFS can benefit from the reduction of the interference level at receiving points.
Note that MPNs are not widely used in the existing DTT network. However, orthogonal polarization is used to achieve required protection in particular areas. DTT systems usually inherit antenna deployment from analogue TV, which, in general, used horizontal polarization to prevent ghost pictures from vertical polarization, particularly in VHF band. The use of orthogonal polarization is usually considered in on-channel repeaters in countries such as Spain and Denmark.
A similar MPN scheme can be synthesized for a network using SFN clusters to minimize the number of co-channel interferer clusters. 
B. Multiple Frequency Reuse Patterns (MFRP)
The use of MFRP with TFS exploits the C/(N+I) differences among RF channels due to interferences coming from different directions. MFRP consists in the application of a different reuse pattern (with the same η) to the different frequencies (or groups of frequencies) of a TFS-Mux at a particular site. Each transmitter broadcasts the same number N RF of RF channels, but for a given area the different frequencies have different frequency reuse patterns. The received interference level of the different TFS-Mux frequencies typically varies significantly as a result of differences in the location of the corresponding co-channel stations and due to differences in antenna diagram weighting.
Depending on η the number of reuse patterns that can be applied to each ensemble of frequencies is different. With η = 7, two patterns are found whereas with η = 3 there is only one pattern. For η = 4, three different patterns can be found as shown in Fig. 7 . Note that these patterns are just mirrors (η = 7) or rotations (η = 4) of each other 3 .
For N RF = 3 this means that each TFS frequency gets a unique frequency reuse pattern. For N RF = 6, each pattern is used by two TFS frequencies (N RF = 9: three frequencies, etc). Thanks to the varying frequency reuse patterns, interference contributions from a particular neighboring transmitter only affects (for η = 4) one third of the N RF TFS frequencies.
C. Multiple Frequency Reuse Patterns and Mixed Polarization Networks
Both of the described methods (MFRP and MPN) may be combined in the same network. The combination is straightforward: the polarizations in Fig. 6 are overlaid on top of the frequency reuse patterns of Fig. 7 . The three resulting frequency reuse patterns with different polarization for η = 4 are shown in Fig. 8 . It should be noted that on average only one third of the eight closest interfering transmitters use the same polarization as the wanted transmitter. Fig. 9 (top) shows the resulting distribution of co-polar and cross-polar co-channel transmitters with respect to the central cell with η = 4.
With MFRP, interferers are not co-located for the used frequencies, i.e. a given co-channel transmitter station only interferes on one third of the TFS-Mux frequencies, and with MFRP+MPN the effect of polarization discrimination is added, thus, leading to a less number of high signal strength interferers.
The same principles, discussed here for pure MFNs, are also applicable to networks using SFN clusters. This allows further NSE increase for this type of networks, where each cluster takes a similar role as an individual transmitter in the pure MFN case, i.e. polarizations and frequency reuse patterns are alternating on the basis of SFN clusters instead of individual transmitters. Fig. 9 (bottom) depicts the SFN clusters scheme of the MFRP+MPN strategy.
IV. SIMULATION AND METHODOLOGY CONSIDERATIONS
A. Network Configuration
NSE evaluation for the different network configurations is conducted by computer simulations over an ideal hexagonal network. The assumed transmitter antenna diagrams are omnidirectional. Transmitter distance (inter-site distance) is selected to be 60 km and 80 km and the corresponding effective antenna height are 250 m and 400 m, since they resemble typical Western and North European scenarios [20] . Received C/(N+I) is calculated using 6 evenly distributed frequencies in the UHF band 470 to 694 MHz. This frequency allocation exploits a high TFS coverage gain and allows enough amount of frequencies to apply the different MFRPs obtained.
Fixed roof-top reception is assumed at 10 m above ground level with a directional antenna which characteristics are described in ITU-R BT.419 [14] , as shown in Fig. 3 . Other important parameters for received field strength calculation are also described in Table I .
B. Propagation and Shadow Fading Models
The land propagation model is the ITU Recommendation ITU-R P.1546 [21] which defines the received electrical field strength at a certain distance given ERP, effective antenna height, frequency, receiver antenna height, terrain type and percentage of time.
The local received power from transmitter i is given by the deterministic field strength from [21] and additional terms for frequency-independent but directional-dependent shadow fading and for frequency-dependent fading (independent of transmitter).
Shadow fading is modeled as an independent log-normal random variable (i.e. Gaussian distribution in dB with standard deviation 5.5 dB and 0 dB mean) for each transmitter station [21] ) by equation 8 [22] . The angle-of-arrival is assumed to be equal to the transmitter direction (i.e., multipath effects are not taken into account). , where r c represents the serial shadowing correlation distance. The exponent ζ accounts for the height and shapes of the terrain and buildings. The parameters are set to ζ = 0.3 and r c = 300 m [22] .
Shadow fading is assumed to be frequency independent. Thus all TFS frequencies originating from a particular site are assumed to have the same shadow fading realization.
Shadow fading for the different transmitter stations is calculated as:
where F 0 represents the receiver-position-dependent fading component and F i models the station-dependent component [23] .
Real transmitting antennas introduce a sort of frequency dependent fading, since the real antenna diagram typically varies significantly with frequency and direction. Also the effects of the wave propagation (multipath) and the positioning of the antenna are frequency dependent. All these effects are modeled as a frequency-dependent fading with 2 dB standard deviation. This supposes a conservative approach according to the results presented in [24] on RF channel imbalances.
C. Network Spectral Efficiency Calculation
The following system and network combinations are studied and compared:
• Each configuration is compared for pure MFN, a network of SFN clusters and a large area SFN, with different frequency reuse factors. Pure MFN networks are studied for frequency reuse η = 3, 4 and 7. Clusters of 7 transmitter stations are considered in MFNs made of SFN clusters for η = 3 and 4. Large area SFN networks are analyzed for η = 3 and 4. Results are also presented for frequency reuse factor 1 for comparison. Special attention is paid to η = 4 and η = 7 since they allow the implementation of MFRP.
For the given network and frequency reuse pattern, co-channel stations positions are calculated. The point inside the center hexagon (for MFN) or center cluster (for a network of SFN clusters) with the lowest capacity (lowest C/(N+I)) is taken as the worst location for Non-TFS. For TFS, the one with the lowest capacity taking into account the C/(N+I) of all TFS frequencies is taken.
Note that the receiver antenna is pointed towards the center of the cell in the case of a pure MFN and towards the transmitter station which provides the highest C/(N+I) within an SFN cluster.
C/(N+I) is computed assuming the field strength for the 50% of time for the wanted signal [21] . The path losses from all transmitters with significant interference contributions are calculated. The three first co-channel transmitter rings are taken into account for cluster size equal 1 (pure MFN case). For cluster size 7, the first tier of clusters is considered. For the large area SFN calculation the number of interfering cells is computed according to the weighting function given by Equation 7 . In all cases, adding more co-channel transmitters do not cause significant changes in the NSE calculation.
A realistic model for time correlation is unfortunately not well-established. Three particular cases are studied: a maximum-conservative case with 100% correlation and in the other end two variants of uncorrelated cases. For the fully-correlated case (C) received field strength for all stations and frequencies is assumed to reach their 1% time value at the same time, i.e., with 100% correlation. In this case, the total interference, for this percentage of time, is the sum of the individual interferences' peak values (worst-case). For the uncorrelated case U1, a random statistical distribution (T = 10000 values) of field strength values from the curves in [21] is calculated by fitting Gaussian distributions in the range 1% to 10% and 10% to 50% percentage of time. With this, individual transmitters reach their different field strength values at independent points in time, i.e., their sum is typically much lower than in the worst case scenario. In this case, the frequencies transmitted in the same station are considered to be fully-correlated. With the uncorrelated case U2, all signals are assumed to be uncorrelated regardless their frequency and location. Although real signals are neither fully-correlated nor uncorrelated, the extreme cases are studied as a means to investigate the boundaries of the spectral efficiencies under analysis. ITU-R P.1406 Recommendation states that the correlation in mean received field strength from different stations mainly depends on the position of the sources. Signals coming from opposite directions are mainly uncorrelated whereas a high degree of correlation exists for co-sited sources [25] .
At the top of each field strength realization, as described above, a log-normal fading distribution with K = 100000 realizations is applied to the wanted and interfering signals.
NSE (bps/Hz) is calculated by Equation 2. For the case of Non-TFS (i.e. a traditional DTT network), the NSE is limited by the worst RF channel, which constrains the coverage of the complete service offering. In the TFS cases, the NSE is obtained as the average of all the N RF TFS frequencies according to Equation 4 . The NSE at the reception point is the one available with 95% coverage probability for 99% of time.
Payload capacity overheads due to GI+PP (Guard Interval and Pilot Pattern) in MFN and SFN configurations are considered since they reduce payload capacity values. A typical MFN configured with DVB-T2 32k GI 1/128 PP7 presents a GI+PP payload capacity overhead of 2.04%. An SFN cluster with 7 transmitters and transmitter distance 60 km can be configured with the same mode but GI 1/8 PP2, in both 6 MHz and 8 MHz channel bandwidth, to withstand maximum SFN delay. This GI+PP configuration leads to 19.67% payload capacity overhead. With this GI configuration, those co-channel transmitters situated outside a cluster are taken as pure interfering stations. For the case of a large area SFN, the selected GI is 19/128 PP2, the maximum permitted by DVB-T2, which leads to an overhead of 21.49%. According to [19] , in this study FFT time window is assumed to be synchronized to maximize the C/(I+N) within the SFN. The antenna is positioned towards the main contributing station.
D. Other Considerations and Limitations of the Study
The use of the described simulation environment has implications on the accuracy of the obtained results and their applicability to real network deployments. In particular, the hexagonal model does not directly reflect a real deployment. The results are focused on a HPHT deployment of transmitters. For these, the typical configuration is to assume equal ERP per station. However, the geographical distribution of transmitters in a real network does not follow a regular pattern due to the irregularity of the terrain, what leads to unequal transmitter distance.
Regarding SFNs, they are usually built-up by means of different types of transmitters, where low power transmitters (e.g. gap-fillers) are used to extend the coverage provided by the high power stations. Although SFN gain has been accounted for as constructive, according to [26] there are situations in which SFN signals can contribute destructively. This mainly occurs when contributions are received with equal strength and similar delays, what causes a C/N loss. However, an SFN cluster with 7 transmitters and the use of directional antennas generate a channel in which a strong transmitter dominates and the other transmitters contribute in a limited way to the C/(N+I).
The received signal level from interferers depends on propagation characteristics. The ITU-R P.1546 model is found to deviate for rural area calculations at large distances [27] . According to the model, the field strength values predicted are not specific for a given polarization. Thus, vertical polarization wave propagation is configured to be the same as horizontal polarization wave propagation. The existing of differences between both polarizations are not taken into account in this study.
In addition, multipath propagation has not been taken into account since its effect with fixed roof-top reception is limited. Additional degradation due to frequency selectivity and depolarization should be taken into account for a more accurate analysis. However, similar effects are expected for Non-TFS and TFS so that net effects on gains are likely to be small.
From the point of view of the receiver, receiver antenna diagram is paramount in connection with MFRP (azimuth discrimination) and MPN (polarization discrimination). In [28] real receiver antenna gains are shown to present different H and V radiation diagrams as function of azimuth and frequency. In fact, for some real antennas ITU-R BT.419 is pessimistic regarding azimuth discrimination since it is possible to obtain more than 16 dB antenna discrimination for about 50% azimuth. Reference [29] concludes that some existing antennas present broader patterns and lower gain, particularly at low frequencies. Table II shows the NSE (bps/Hz) reached with different combinations of ANP strategies within pure interference-limited MFNs. Results are presented for frequency reuse factors 3, 4 and 7 within the D TX = 60 km and h eff = 250 m scenario. Fully-correlated (C) and uncorrelated (U1 and U2) approaches for the co-channel interference time correlation at the receiver point are considered. Note that with frequency reuse factor η = 3 it is not possible to implement more than one frequency reuse pattern. Thus, the entries of the table involving this situation are not filled.
V. PERFORMANCE EVALUATION
A. Network Spectral Efficiency Study With Interference-Limited Networks 1) Pure Multiple Frequency Networks:
The results show that, for all cases, the networks present higher NSE when decreasing the reuse factor from 7 to 4 and 3. Although the C/(N+I) increases with the reuse factor, less spectrum can be used per station. These two effects roughly balance each other for each use case, but with a clear advantage for lower reuse factors. In particular for η = 7, although achieving a high CCI performance, only 1/7 of the spectrum can be used per station. Regarding CCI time correlation, the uncorrelated approach provides the highest NSE values. The values for Non-TFS configuration, which presents the lowest performance, are taken as reference. Fig. 10 depicts the NSE increase for the different network configurations with respect to the reference case for each frequency reuse factor (i.e. each value corresponds to the increase with respect to the Non-TFS case).
The NSE gain achieved by MPN is larger for η = 4 (around 8%-11%), since the effect of the orthogonal polarization discrimination at the receiver provides a high C/(N+I) increase. The number of co-polar transmitter stations in the first ring with η = 4 and η = 3 is 2 out of 6. However, with η = 3 these transmitters are closer. Similar gains are achieved with the three correlation approaches.
The use of TFS achieves higher values than the cases without TFS. The best performance is reached for the fully uncorrelated case with η = 3 and η = 4 (77% increase). For the correlated case (C), the highest increase is reached for η = 4 (31%). The main advantage of using TFS-only is that the increased NSE comes without network planning/implementation modifications. Regarding the combination of MPN with TFS, reduced gains are found in comparison with the Non-TFS+MPN case.
The additional gain obtained with TFS and MFRP depends on the number of frequency reuse patterns that can be configured for a given reuse factor. For η = 4 and η = 7, 3 and 2 different patterns can be found, respectively, whereas for η = 3 there is only one. The most important gains come from the MFRP+MPN case when considering the time uncorrelated approach since there exists large differences in the received signal level from different stations at each given point in the time domain. As said before, the network with η = 3 cannot benefit from the gains provided by MFRP. With η = 7 the reduced number of multiple patterns reduces the achievable gain for this frequency reuse, in contrast to η = 4.
The most relevant gains are achieved with the combination of TFS, MPN and MFRP (up to 90% gain with η = 4 uncorrelated U2 and 42% with the fully-correlated approach). The use of TFS+MFRP and TFS+MPN+MFRP provides higher NSE for η = 4 than the maximum achievable with η = 3 (with TFS+MPN) for the uncorrelated approach U1. Therefore, the random variability of the signals coming from different stations in a real network may lead to high gains. Note that when considering the GE06 plan MFN reference network with η = 7, TFS and ANP already provide gains, reaching a minimum gain of 23% NSE increase when combining all the techniques. In general, the most important gains with the fully uncorrelated (U2) approach are found for TFS whereas the effects of including MFRP or MPN are limited.
Although in this section only results for the D TX = 60 km, h eff = 250 m configuration are displayed by means of figures , it is worth to comment that the NSE increases for the D TX = 80 km, h eff = 400 m. In general, for the same transmitter distance, NSE increases with effective transmitter antenna height. NSE increase is, however, reduced (around 10% gain for the TFS+MPN+MFRP uncorrelated case).
For comparison purposes, MFN with η = 1 has also been calculated. It provides the lowest NSE (around 0.5 bps/Hz for the Non-TFS case and around 1 bps/Hz with TFS+MPN). In this case the wanted hexagon always present an adjacent CCI cell. Table III compiles the NSE reached within MFNs made of SFN clusters. The cluster size is 7 transmitters, all of them using the same polarization. Results are presented for frequency reuse factors 3 and 4 within the D TX = 60 km and h eff = 250 m scenario. Since it is not possible to implement more than one frequency reuse pattern with η = 3, the entries of the table involving this situation are not filled.
2) MFNs of SFN Clusters and Large Area SFNs:
Results show that the network with frequency reuse η = 3 is more spectral efficient than when η = 4 is implemented. In the first case the main differences arise when using TFS with respect to the reference Non-TFS case due to its impact on averaging imbalances between RF channels. Fig. 11 also presents the NSE increase achieved by each configuration.
With η = 3 and 4 the performance of MPN is low since it is not possible to mitigate the interferences coming from the 7 transmitters in the most interfering clusters. The limited effect of MPN and the non-existence of more than a single frequency reuse pattern for η = 3 do not provide important additional gains to TFS. High NSE is achieved with η = 4 for MFRP and the combination of MFRP and MPN configurations. The most relevant gains are found for TFS in combination with ANP. In particular, the gain for TFS+MPN+MFRP reaches 26%, 48% and 63% with η = 4, for the fully-correlated and uncorrelated approaches U1 and U2, respectively.
Regarding the configuration 80 km transmitter distance and 400 m effective antenna height, which results are not graphically presented, although the NSE is larger, its increase with respect to the Non-TFS case is reduced (around 60% to 50% for the TFS+MPN+MFRP case).
Again, η = 1 provides the lowest NSE for the different cases under analysis. The results are similar as in a MFN due to the existence of adjacent co-channel stations to the edge of the SFN.
NSE has been calculated for the large area SFN case as shown in Table IV . It may be possible to implement MFRPs in a large area SFN network with the frequency reuse factors η = 3 and η = 4 used in this study. However, this case is not taken into account since the most important interference contributions come from the same SFN due to self-interference when the delay between the signals coming from two transmitters in the SFN exceed the permitted delay to be considered as constructive interferences.
Large area SFNs can benefit from the effects of using MPN to mitigate the self-interferences. Likewise, the use of TFS alone or in combination with MPN provides a C/(N+I) increase. Fig. 12 shows the gains achieved for large area SFNs and ANP.
If compared to the network of SFN clusters the use of TFS and TFS with MPN provides higher advantage in the large area SFN network. This is mainly due to the fact that potential CCI stations are located closer to the receiver location than those CCI from a co-channel cluster. Conversely, the decreased C/(I+N) in a large area SFN provides lower NSE.
B. Application of the Results
The three different network topologies (MFN, MFNs of SFN Clusters and Large area SFNs) are compared with respect to the GE06 reference network with η = 7 and Non-TFS. The analysis is made considering frequency reuse factors η = 4 which can exploit all the proposed ANP strategies. The achievable gains are computed considering the results derived from the 3 correlation approaches. Table V collects the maximum and minimum NSE increase derived from simulations. It can be seen that all of the topologies analyzed provide higher NSE than the reference η = 7 network, even without TFS, MFNs provide the lowest increase. However, the maximum increase for the MFN with η = 4 reach more than 100% when using TFS and TFS with ANP. Large area SFN networks do not provide as much NSE increase as the MFNs made of SFN clusters. The use of MFNs of SFN clusters outperform any other network topology. The MFN with SFN clusters and η = 4 can obtain a high performance when combining TFS and ANP. In general, the NSE within the network of SFN clusters is higher than for a pure MFN since the co-channel stations inside each cluster do not create interferences, and the cluster size allows for increased reuse distances for a given reuse factor. Furthermore, with SFN clusters, the 7 stations in each interfering cluster reach the reception point in the SFN with similar field strength (similar distances) what makes C/(N+I) decrease.
NSE gains with ANP are also evaluated considering limited transmitter power (ERP). In general terms, NSE values decrease whereas NSE gain is increased when decreasing ERP. Similar values as those presented in this paper apply for a large range of ERP from 10 to 100 kW, which are typical ERP used by transmitter DTT stations. It should be noted that the gains reached by the use of TFS or TFS with MFRP collapse to the gains reached by only TFS with low ERP and MFNs. The combination of TFS with MPN achieves higher gain that the only TFS case also with low ERP and MFNs. For SFN clusters, the combination of TFS with MPN or MFRP collapses to the gain of only TFS for low ERP. Thus, in a real network where ERP is limited to a certain (high) value, TFS and ANP could provide higher NSE gains when using tighter frequency reuse than those achieved in the pure interference-limited cases. The reduction of interference levels in the MFN has a more important effect than the achievable reduction in SFNs.
DTT networks designed for wide area coverage using fixed roof-top reception also allows for portable/mobile reception within a limited area, in which coverage is typically noise limited. The portable/mobile reception therefore normally has some interference margin. When TFS/ANP is applied, and introduced together with a reduction in frequency reuse factor, the general C/(N+I) level will increase, but the fixed roof-top coverage would be maintained thanks to TFS/ANP, as shown in this study, but with a larger total capacity (more multiplexes will fit the available spectrum thanks to the lower frequency reuse factor). The portable/mobile reception would also experience an increase in general interference level, for which TFS/ANP would provide some protection, although probably less than for fixed reception, due to lack of antenna azimuth discrimination and lower XPD performance. If the net effect is negative the original interference margin would be reduced or even be negative, depending on the use case. Indoor reception, having a higher path loss, would have a higher interference margin and is therefore less likely to experience a negative effect on coverage.
Finally, from the point of view of TFS and ANP, the number of RF channels has an impact on the achievable performance. It is important to note that in order to exploit the benefits of the MFRP approach there should be at least as many RF channels as pattern versions for a given reuse factor. With frequency reuse 4, 3 different MFRPs are found. Thus, optimum performance is found when each frequency of the TFS-Mux can experience a different reuse pattern, what is achievable when there exists 3 or more RF channels in the TFS-Mux. Frequency distribution within the band is also an important consideration since frequencies with a large frequency separation suffer from a higher field strength imbalance. For a case with the same ERP being used on all RF frequencies (traditional DTT situation due to regulation constraints) the reception of the Non-TFS cases is limited by the RF channel with the lowest field strength (in average, the RF channel with the highest frequency). Higher TFS gains are expected when there is a high RF channel within the TFS-Mux. Results are also obtained for 3 and 2 RF channels within the TFS-Mux. The selected frequencies are 514 MHz -554 MHz -594 MHz and 514 MHz -594 MHz, respectively. The reuse patterns that provide the highest performance are selected. For frequency reuse factor η = 4 and for the fully correlation case (C) the NSE increase with 3 and 2 RF channels is 17% and 30% for MFNs; 19% and 14% for MFNs of SFN clusters; and, 22% and 19% for large area SFNs, respectively.
Note also that the advantages of TFS and TFS with ANP will not be exploited by those RF channels that cannot be aggregated into a TFS-Mux. Conversely, those RF channels could still benefit from the use of MPNs.
VI. CONCLUSION
The results presented in this study reflect the potential benefits of implementing TFS and ANP strategies over a DTT network in a regular hexagonal lattice. Thus, the related gains are not conclusive and will differ for different network topologies and real deployment scenarios.
The increased interference immunity offered by TFS may be exploited in a tighter frequency reuse together with an appropriately chosen capacity/robustness combination, which maximizes the overall capacity per transmitter station of the total available spectrum. Furthermore, network planning could be optimized taking the characteristics of TFS into account. Different ANP strategies allow for higher network spectral efficiency per RF channel by means of different reuse patterns for the frequencies in use (MFRP) and the use of systematic H/V polarization at different sites (MPN).
The increased robustness against interferences by TFS and ANP can lead to the same capacity per multiplex being achieved with η = 3 or η = 4 instead of η = 7. This would directly imply a network spectral efficiency gain of 75% without increasing the bit rate per multiplex (retaining the same coverage). In the possible situation of a 700 MHz band release a total of 28 UHF channels will remain for terrestrial broadcasting. η = 7 will only made 4 RF channels per station available. A new plan with η = 4 will increase the number of multiplexes per station from 4 to 7, thus achieving the same total capacity as the current DTT network.
The introduction of ANP techniques can increase network spectral efficiency not only for pure MFNs but also for SFN, especially for networks using SFN clusters which size is dimensioned according to GI and transmission mode. The achievable gains provided by TFS in combination with ANP for η = 4 are found to range 42%-90%, 26%-63% and 27%-72% for MFN, MFN of SFN clusters and large SFN deployments, respectively. Although the reality may not be 100% de-correlation or 100% correlation, these results suggest that TFS combined with advanced network planning may offer very high network spectral efficiency gains.
Note that the obtained gain figures apply within the context of simulations using a theoretical regular network deployment and standard terrain characteristics. The achievable gains in a real network deployments can be higher or lower according to the particularities of the network and the level of interferences reaching the receiver. High interference levels on particular RF channels will cause a severe impact on the performance of the Non-TFS case since it will limit the reception of the complete service offering. Conversely, high gains of TFS and TFS with ANP are expected in such cases. Achievable gains are also sensitive to the number of RF channels in the TFS-Mux and the interference levels suffered in each frequency.
As future work, the study of the ANP topologies over nonregular networks and real deployments is proposed in order to evaluate the performance of TFS and TFS with ANP with more realistic assumptions regarding the shape, size of the networks with their heterogeneous characteristics and propagation characteristics. 
